Single fibers of the frog glossopharyngeal nerve respond to MgCb at concentrations exceeding 10 mM. N1CI2 at 1 mM enhanced the Mg 2+ response. CaCb at 0. 
Introduction
The frog glossopharyngeal nerve (GL) innervates taste receptors housed in the fungiform papillae of the tongue. The frog GL is very sensitive to calcium salts (Casella and Rapuzzi, 1957; Nomura and Sakada, 1965; Junge and Brodwick, 1970; Kitada, 1978) . Threshold concentrations of calcium salts are <0.01 mM (Nomura and Sakada, 1965; Kitada, 1978) . The single fibers of the frog GL that respond to calcium salts also respond to magnesium and sodium salts (Kusano, 1960; Nomura and Sakada, 1965; Kitada, 1989 Kitada, , 1991 . The threshold concentrations of MgCl 2 and NaCl are 10 mM (Kitada, 1989) and 100 mM (Kitada, 1990 (Kitada, , 1991 respectively. Since threshold concentrations of CaCl 2 and MgCl 2 are relatively low, and since both Mg 2+ and Ca 2+ ions are divalent cations, it was thought that the response to Mg 2+ ions (the Mg 2+ response) was similar to that to Ca 2+ ions (the Ca 2+ response) in the mechanism of excitation (Kusano and Sato, 1957 ions (Kitada, 1991) . However, Na + ions do not affect the Mg 2+ response (Kitada, 1989) , and Mg 2+ ions do not affect the Na + response (Kitada, 1990) . From the mutual antagonism between cations and other evidence (Kitada, 1984 (Kitada, , 1986a (Kitada, ,b, 1990 (Kitada, ,1995 , it has been proposed that at least three specific receptors (discriminating elements) for cations are involved in salt taste reception: a calcium receptor (X Ca ), a magnesium receptor (X Mg ) and a sodium receptor (X Na ). associated with the action potentials in the barnacle giant muscle fiber (Hagiwara and Takahashi, 1967) and the slow Ca 2+ inward current of mammalian cardiac muscle fibers (Kohlhardt et al, 1973) . They induce a prolongation of the duration of action potentials in the myelinated nerve fiber of the toad (Takahashi et al, 1958) . In gustation, transition metal ions slightly inhibited responses of the mouse chorda tympni nerve to NaCl and quinine hydrochloride, but not HC1 (Iwasaki and Sato, 1984) . However, it was found that transition metal ions have enhancing effects on the responses of the frog GL to Ca 2+ (Kitada, 1994b, c) , Mg 2+ (Kashiwagura et al, 1978; Kitada, 1994b) and Na + ions (Kashiwagura et al, 1978; Herness, 1987 Herness, , 1991 Kitada, 1994b) . Among transition metal ions, Ni 2+ ions are the most effective in the enhancement of the responses to Ca 2+ , Mg 2+ and Na + ions (Kitada, 1994b (Kitada, 1994c) . For the Na + response, Ni 2+ ions enhance the Na + response by affecting the NaX Na complex and increase the affinity of X Na for Na + ions by affecting X Na (Kitada and Mitoh, 1996) . Since each class of receptors has its own specific properties, it is important to characterize the effects of Ni 2+ ions on the responses to each of these three cations. 
Materials and methods

Preparation and recording
Bullfrogs (Rana catesbeiana), weighing 200-400 g, were rapidly decapitated and pithed. Each isolated tongue was placed in a test chamber. The experimental procedures and the methods for recording neural activities were similar to those described in a previous paper (Kitada, 1989) . In brief, antidromic impulses of single gustatory nerve fibers were recorded from a single fungiform papilla that had been drawn into a suction electrode during stimulation of adjacent papillae by chemical stimuli. Fibers of the frog GL that are sensitive to water stimulation (water fiber; Zotterman, 1949 ) also respond to calcium, magnesium and sodium salts (Kusano, 1960; Nomura and Sakada, 1965; Kitada, 1978) . Since CaCl 2 at low concentrations stimulates water fibers exclusively (Nomura and Sakada, 1965; Taglietti et al, 1969; Kitada, 1978) , calcium-sensitive fibers are identical to water fibers (Casella and Rapuzzi, 1957; Nomura and Sakada, 1965; Kitada, 1978) . In the present experiments, stimulation with 1-2 mM CaCl 2 was used to identify a calcium-sensitive fiber. In most cases, unitary discharges from a single calcium-sensitive fiber were recorded in response to stimulation by solutions of calcium, magnesium and sodium salts. (Kitada, 1989) . (iii) NiCl 2 was barely effective for producing nerve impulses in calcium-sensitive fibers at concentrations of <5 mM and the enhancing effect of NiCl 2 on the cation-induced response was saturated at 1 mM of NiCl 2 (Kashiwagura etal, 1978; Kitada, 1994b) . (iv) Since Ni
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-enhanced responses to 0.5-1 mM CaCl 2 were greatly inhibited by 50-100 mM NaCl (Kitada and Mitoh, 1996) , 50-100 mM NaCl was used to eliminate selectively the component of the Ca 2+ response from the responses to the MgCl 2 stimulating solutions containing 0.5-2 mM CaCl 2 and 1 mM NiCl 2 .
A solution of 50 mM NaCl was used as the adapting solution. There was no impulse activity during this adaptation. The tongue was exposed to the adapting solution for at least 5 min before each application of a stimulating solution. Each stimulating solution was applied to the surface of the tongue, near the recording electrode, at a flow rate of 5-8 ml/min for 30 s. All the experiments were performed at 20-25°C.
sensitive fibers that yielded a large response (impulse frequency >120 impulses/25 s) to stimulation by the standard solution (100 mM MgCl 2 ) was tested: the standard solution elicited 120-169 impulses/25 s in 12 fibers, 170-219 impulses/25 s in eight fibers, 220-269 impulses/25 s in five fibers, 270-319 impulses/25 s in seven fibers, 320-369 impulses/25 s in one fiber, 370-419 impulses/25 s in one fiber and 420-469 impulses/25 s in one fiber. The sensitivity of calcium-sensitive fibers to the chemical stimuli tends to wane with repeated applications of stimulating solution to the tongue. In each unit, the magnitude of the response was normalized to the standard response, which was taken as the mean of measurements made prior to and after application of the stimulating solution. Only data obtained from calcium-sensitive fibers that yielded a large response (impulse frequency >120 impulses/25 s) to the standard solution were included in data analysis.
Results
Effect of NiCb on the Mg
2+ response Figure 1 shows enhancement of the Mg 2+ response by Ni 2+ ions. In Figure 1A , unitary discharges from a single fiber elicited by stimulation with 1 mM CaCl 2 , with 1 mM NiCl 2 , with 100 mM MgCl 2 and with 100 mM MgCl 2 plus 1 mM MgCI2 concentration (mM)
Analysis of data
The number of impulses elicited during the tonic component of the response (from 5 to 30 s after the onset of the stimulus) was measured with a spike counter. The reasons for deleting the initial component of the response have been explained elsewhere (Kitada, 1989) . The magnitude of the response to each stimulating solution varied from one unit to another. A total of 35 calcium- NiCl 2 are shown. CaCl 2 at 1 mM elicited a large response while NiCl 2 at 1 mM barely elicited impulses from a calcium-sensitive fiber. MgCl 2 at 100 mM elicited a large response. Addition of 1 mM NiCl 2 to a solution of 100 mM MgCl 2 brought about enhancement of the Mg 2+ response. The effects of NiCl 2 were always reversible. Figure 1B shows concentration-response (C-R) curves for MgCl 2 obtained in the absence and in the presence of 1 mM NiCl 2 . The neural response (/?) was normalized by comparing it with the magnitude of the standard response of each fiber to 100 mM MgCl 2 alone. It is evident that NiCl 2 at 1 mM enhanced the Mg 2+ response but the threshold concentration of MgCl 2 was not changed appreciably by the presence of 1 mM NiCl 2 ( Figure IB ). Since Ni 2+ ions caused both enhancement and inhibition of the Ca 2+ response (Kitada, 1994c), we examined whether or not Ni 2+ ions have an inhibitory effect on the Mg 2+ response. The relative magnitudes of the response to a mixture of 100 mM MgCl 2 plus 1 mM NiCl 2 and that to 100 mM MgCl 2 plus 5 mM NiCl 2 were 2.69 ±0.15 (mean ± SEM, n = 5) and 2.62 ± 0.21 (mean ± SEM, n = 5), respectively, indicating that Ni 2+ ions do not inhibit the Mg 2+ response (Student's Mest, P > 0.05).
Inhibition by Ca 2+ ions of the Ni 2+ -enhanced response to Mg 2+ ions
An example of the mutual antagonism between Ca 2+ and Mg 2+ ions in the presence of 1 mM NiCl 2 is shown in Figure  2 . As seen in Figure 2 , the frequency of impulses elicited by a mixture of 1C0 mM MgCl 2 plus 2 mM CaC 2 plus 1 mM NiCI 2 (third trace) was much Sower than that of impulses elicited by a solution of 2 mM CaCl 2 plus 1 mM NiCI 2 (first Figure 3 shows the C-R curves for MgCl 2 in the presence of 0.5 mM CaCl 2 ( Figure 3A ) and of 2 mM CaCl 2 ( Figure  3B ). All solutions used in these experiments contained 1 mM NiCl 2 . As seen in Figure 3 , the magnitude of the response decreased and then increased with increasing concentrations of MgCl 2 . Thus, semilogarithmic C-R curves for MgCl 2 were V-shaped. A V-shaped C-R curve shown in Figure 3 reveals that the response to the mixture of MgCl 2 plus CaCl 2 in the presence of 1 mM NiCl 2 is composed of two components: the response generated by Ca 2+ ions and that Figure 1B ; filled circles), in the presence of 0.5 mM CaCb, 1 mM N1CI2 and 50 mM NaCl (shown in Figure  3A ; filled triangles), and in the presence of 2 mM CaCl2, 1 mM NiCk and 100 mM NaCl (shown in Figure 3B presence of 0.5-1 mM CaCl 2 (Kitada and Mitoh, 1996) . Moreover, addition of 50-100 mM NaCl to a solution of MgCl 2 did not affect the Mg 2+ response (Kitada, 1989 (Kitada, , 1990 . Hence, addition of 50-100 mM NaCl to a mixture of MgCl 2 plus 0.5-2 mM CaCl 2 plus 1 mM NiCl 2 may selectively eliminate the component of the Ca 2+ response from the response to the mixture. Thus, 50-100 mM NaCl was added to the mixture. As seen in Figure 3 , it is evident that the response generated by Ca 2+ ions was selectively eliminated or suppressed by addition of NaCl and the magnitude of the residual response coincided with curves with a positive slope obtained in the absence of NaCl when concentrations of MgCl 2 were relatively high. Figure IB ) is replotted in Figure 4A . The curves for MgCl 2 obtained in the presence of 0.5 mM CaCl 2 , 1 mM NiCl 2 and 50 mM NaCl (filled triangles in Figure 3A ) and in the presence of 2 mM CaCl 2 , 1 mM NiCl 2 and 100 mM NaCl (filled squares in Figure 3B ) are also replotted in the same figure. As seen in Figure 4A , addition of CaCl 2 to a solution of MgCl 2 in the presence of 1 mM NiCl 2 shifts the semilogarithmic C-R curve to the right in a graded and parallel manner, as the concentration of CaCl 2 is increased (see curves with a positive slope with respect to the logarithm of the concentration of MgCl 2 ). This result suggests the possibility that Ca 2+ ions competitively inhibit the Mg 2+ response even in the presence of Ni 2+ ions, as observed in the absence of Ni 2+ ions (Kitada, 1989) .
Only those values on the curves with a positive slope shown in Figure 4A , which result from the excitatory action of Mg 2+ ions, are replotted with a linear scale in Figure 4B . Since we took the impulse frequency as a measure of the response, a threshold concentration for stimulation by MgCl 2 should be recognizable. A threshold phenomenon associated with the C-R relationship for stimulation by salts was discussed previously (Kitada, 1989 (Kitada, , 1991 (Kitada, , 1994 Kitada and Mitoh, 1996) . The curves in Figure 4B were fitted by eye to the point. The curves could be extrapolated below the abscissa and had a common intercept (-r) on the ordinate. Thus, the value of r in Figure 4B gives the magnitude of the response at the threshold that is necessary for elicitation of a neural response and it was determined graphically by extrapolation of curves. The value of r was 0.3. Double-reciprocal plots have been used to examine the nature of the competition between agonistic and antagonistic cations in the taste responses of fibers in the frog GL (Kitada and Shimada, 1980; Kitada, 1989 Kitada, , 1991 Kitada, , 1994a Kitada and Mitoh, 1996) et al., 1978; Kitada, 1994b) , it is likely that most X Mg are changed to X* Mg in the presence of 1 mM NiCl 2 . In the present analysis, we also assumed that the magnitude of the neural response (R) in the presence of 1 mM NiCl 2 is proportional to the amount of MgX* Mg complex minus a constant value (the threshold concentration of the MgX* Mg complex necessary for just eliciting a neural response). Thus, the sum of R + r is taken as the 'true' magnitude of the response that includes a subthreshold response. In the presence of both 1 mM NiCl 2 (which is the enhancer) and Ca 2+ ions (which are competitive inhibitors) the following equation can be applied (see Kitada, 1989) : Since the slope plot gives iry * M^) of the lines in the double-reciprocal u.Mg, K* a is represented by The C-R curves shown in Figure 4B were replotted as the relationship between the reciprocal of the magnitude of the response (R + 0.3) and the reciprocal of the concentration of MgCl 2 ( Figure 4C ). As shown in Figure 4C , three straight lines were obtained and the three lines had a common intercept on the ordinate, as expected from equation (1). Therefore, the results in Figure 4C are consistent with a model in which Ca 2+ ions inhibit the Ni
2+
-enhanced response to Mg 2+ ions in competitive manner. The value of *max-M g calculated from the intercept on the ordinate in Figure 4C was 6.7. The values of were obtained from three lines in Figure 4C . Given the values of i?* max -Mg an d S*M S , the values of K* a in 0, 0.5 and 2 mM Ca 2+ ions were calculated to be 1.4 x 10"', 2.7 x 10" 1 and 5.5 x 10"' M, respectively (see equation 3). From equations (1) and (2) Figure 4D . The relationship was almost linear. Since the slope of the line in Figure 4D gives K* Mg /K* Mg _c a and the value of K* Mg was obtained above, the value of Ar* Mg _c a was calculated to be 6.5 x 10" 4 M.
*a ~ R *max-Mg x S \
Discussion
As noted earlier, mutual antagonism exists between Ca
2+
and Mg 2+ ions (Kitada, 1989) and between Ca 2+ and Na + ions (Kitada, 1991) in the responses to mixtures of various salts in calcium-sensitive fibers of the frog GL. However, Na + ions do not affect the Mg 2+ response and Mg 2+ ions do not affect the Na + response (Kitada, 1989 (Kitada, , 1990 2+ and Na + ions, the present results clearly showed that Ni 2+ ions did not affect the mutual interaction among the three cations in the responses to mixtures of the three salts. As seen in Figure 3 , the components of the Ca 2+ response were selectively eliminated from the responses to the MgCl 2 stimulating solutions containing 0.5-2 mM CaCl 2 and 1 mM NiCl 2 by addition of 50-100 mM NaCl to the stimulating solutions. Although NaCl alone at concentrations of <100 mM does not elicit a neural response, addition of 1 mM NiCl 2 to a solution of 50-100 mM NaCl induced a large response generated by Na + ions (ICitada and Mitoh, 1996) . Hence, reduction in the magnitude of the response by addition of Na + ions (shown in Figure 3) were barely effective for producing nerve impulses in calcium-sensitive fibers at concentrations of <5 mM. Therefore, the effects of Ni 2+ ions are representative not of a general effect on the receptor membrane but of a specific effect on the receptors that are responsible for the response to cations.
In a previous report (Kitada, 1994c) , it was found that Ni 2+ ions at 0.2-2 mM shifted the semilogarithmic C-R ions was increased by Ni 2+ ions. In the present study, the magnitude of the response to 100 mM MgCl 2 in the Figure 6 A schematic representation of modulation of the cation-induced response by Ni 2+ ions in salt taste reception in the frog. There exist three distinct receptors: a calcium receptor, a magnesium receptor and a sodium receptor. Ni 2+ ions induce a conformational change in the calcium receptor (X*ca), the magnesium receptor (X*Mg) and the sodium receptor (X*Na) via an Ni 2+ -binding element (T*) that is affected by Ni 2+ ions (thick arrow). Thin arrows represent the action of agonists and dotted arrows represent the action of competitive antagonists. The interactions of cations at X*ca, at X*Mg and at X*Na are taken from Kitada (1994c) , from the present study and from Kitada and Mitoh (1996) respectively. Mg 2+ and Ni 2+ ions do not interact with X*Na, and Na + and Ni 2+ ions do not interact with X*Mg (not illustrated; Kitada, 1989 Kitada, , 1990 (Kitada and Mitoh, 1996) , a similar model has been proposed. The model is shown schematically in Figure 6 . In this figure, XQ, and XN E affected by T* are indicated by X*ca and X* Na respectively. This figure includes X* (Kitada and Mitoh, 1996) . Therefore, the affinities of X* Mg and of X* Na for cations might be chemically specific. The dissociation constants of the putative MgX* Mg complex and the putative CaX* Mg complex in the presence of 1 mM NiCl 2 were calculated in the present study and were compared with dissociation constants obtained in the absence of NiCl 2 in a previous report (see figure 5 in Kitada, 1989) . figure 5 in Kitada, 1989) . These values were obtained as a relative magnitude, by reference to the response to the same standard solution (100 mM MgCl 2 alone). The ratio of max-Mg to -/? ma x-Mg was 2.7. With respect to the Ca 2+ (Kitada, 1994c) and the Na + (Kitada, 1996) Studies with intracellular microe'ectrodes revealed that frog taste receptor cells produce receptor potentials with a large decrease in membrane resistance to monovalent stimuli (NaCl and KC1), whereas divalent stimuli (CaCl 2 and MgCl 2 ) generally produce depolarizations without large resistance changes (Akaike et al., 1976; Herness, 1991 Schiffman, 1990) , reduces the influx of Na + and K + ions into frog taste cells (Avenet and Lindemann, 1988) . However, Miyamoto et al. (1989) failed to observe amiloride-sensitive channels in intracellular recordings from frog taste cells. Miyamoto et al. (1989 Miyamoto et al. ( , 1993 also showed that Na + ions permeate cation channels, but not amiloride-sensitive channels, at the apical membrane of the taste cells. Non-selective monovalent cation channels in receptive membrane and basolateral membrane of frog taste cells were reported using single channel recordings of the patch clamp method (Fujiyama et al., 1993) . Ca 2+ ions elicit depolarizing receptor potentials by modulation of the potassium conductance of the apical membrane in the mudpuppy (Bigiani and Roper, 1991 Kinnamon and Cummings, 1992; Roper, 1992; Sato et al., 1994; Lindemann, 1996) . Therefore, considerable diversity seems to exist in transduction mechanisms related to taste.
In the frog GL, Co 2+ ions (transition metal ions) inhibit the Ca 2+ response (Kitada, 1978) and enhance the Na + response (Kashiwagura et al., 1978) . Herness (1991) attempted to explain the effects of Co 2+ ions on the neural responses of the frog GL in terms of changes in receptor potential and membrane conductance in taste cells. However, he found that a mixture of CaCl 2 plus CoCl 2 produced large receptor potentials that occurred when neural activity had been almost completely inhibited. Therefore, the frog GL response is not a simple reflection of the magnitude of the receptor potential. Only membrane resistance change during salt stimulation with cobalt treatment followed the qualitative pattern observed with the neural response. Neural recordings from afferent taste fibers provide an indirect measure of the activity of a large group of taste receptors. The model described above should be confirmed by more direct experiments that include intracellular or patch recording studies from receptor cells.
